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FOREWORD

Publication of this report does not constitute approval by the Naval Air
Systems Command of the findings or conclusions contained herein. It is published
for the exchange and stimulation of ideas.




R80-924394-8

ACKNOWLEDGMENTS

g O

The author is pleased to acknowledge the important contributions to
this program made by the following members of the UTRC staff: to
D. H. Grantham for Program Management, to G. Drake for experimental measure-
| ments and especially to D. G. Mankee who set up and operated the sputtering
systems which produced the thin wall shells. The author also wishes to
thank M. Latina of United Technologies Hamilton Standard Division for all
of his help and valuable comments throughout this program.

. v"ll“".v“».r_‘," ) 4
o . '

S -
" s .
A SRSy

e




e

LEARAE. e i tain e A4 4
H .

L dinics el aii it

R80-924394-8

Fabrication of Thin Wall Cylindrical Shells by Sputtering

SUMMARY

Work under this program was directed toward establishing a low cost method
of fabricating thin walled cylindrical shells using the sputtering process. These
thin wall shells were to be used as the sensing element in a thin wall vibrating
cylinder pressure transducer.

The goals of the program were to complete a Manufacturing Technology Program to
establish the sputtering process parameters and associated technology required to:

1) produce by sputtering thin walled cylindrical shells whose mechanical
and magnetic properties were such as to operate as the sensing elements in vibrating
cylinder pressure transducers,

2) demonstrate that the use of the sputtering process for fabricating the
cylindrical shells was cost effective as compared with the present practice of
machining.

Currently, the thin wall cylinders used in the VibrasenseR pressure transducer
manufactured by Hamilton Standard Division of United Technologies are fabricated
from bulk material using conventional machining techniques. In this program, we
have been able to develop a technique to, fabricate thin wall shells by sputtering.
Wall thickness and thickness uniformity specifications have been able to be main-
tained using this technology. The sputtered cylinder can be made vacuum tight as
r saired for use in the vibrating cylinder pressure transducer. Also, the sputtered
shells have the necessary magnetic properties to be able to be driven by the electro-
magnetic driving field. However, the crystallographic properties of the sputtered
shells have not been able to be made to match those of the bulk material. As a
result, the sputtered shells have not been able to achieve the sharp resonance
attained by the machined shells. This has manifested itself as a low quality (Q)
factor in testing and low signal output.

The cylinders are made of Ni-Span-C; Alloy 902. This is a very complex 10 com-
ponent alloy with some reactive components such as titanium, aluminum and iron.
While the compositional ratios of the components has been maintained during the
sputtering process, the grain growth in the sputtered film has resulted in yielding
inferior mechanical properties to that of the bulk. Post deposition treatments
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which included cold working and heat treatment did not appear to improve the
mechanical properties or change the crystallographic morphology. 1t is felt that
the highly reactive metal components of the alloy combined readily with any contam-
inants of the system and form compounds which acted as pinning sites to inhibit
grain growth even during heat treatment.

It is felt at this time that the technology should be pursued in order to
achieve the high mechanical performance required in the thin wall cylinder applica-
tion. A further program is suggested using less complex alloys, and even a pure
metal, to determine the deposition conditions required to achieve bulk mechanical
properties which it is felt could still be attained with this technology. With
the proper deposition parameters thus in control, bulk quality Ni-Span-C could be
deposited.

In accordance with the requirement of the contract, two thin wall cylinders of
the type used in the Hamilton Standard VibrasenseR were delivered to the Naval Air
Systems Command as well as a demonstration VibrasemseR unit utilizing a sputtered
thin wall cylinder as the sensor unit.

A total of 110 runs were made in this program in order tc establish the proper
deposition parameters. The parameters investigated were: sputtering gas - pres-
sure and type, deposition rate, substrate temperature, substrate bias and magnetic
field strength.
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1. INTRODUCTION

The vibrating cylinder pressure transducer is a unique device which measures
pressures to state-of-the-art accuracies. The transducer provides a frequency
output proportional to pressure which is ideally suited for digital interface. The
sensing element consists of an assembly of two concentric closed-end cylinders --

a vibrating inner one and a protective outer one. These cylinders are fastened to

a common base at one end and are free at the other. A schematic representation of
this configuration is shown in Fig. 1. An additional central structure is built
from the base, and this is called the spool body. The spool body serves as a
support for electromagnets used in (1) exciting or driving the vibrating inner cyl-
inder, and (2) detecting its motion and frequency. The space between the vibrating
inner cylinder and the protective outer cylinder is evacuated to serve as the abso-
lute pressure reference. The cavity volume between the vibrating inner cylinder and
the spool body receives the input pressure, generally through porting passages in
the transducer base.

The side wall of the inner cylinder is excited by magnetic field forces
generated with the electromagnetic driver coil located on the spool body. The
) inner cylinder vibrates at its lowest natural frequency relative to its physical
dimensions, which also corresponds to its lowest energy level. Figure 2 illustrates
the fundamental and higher order modes at which a cylinder may vibrate. The modes
that are utilized in the Vibrasense® are the n = 4; m=1.

A pneumatic pressure can be introduced into the cavity between the spool body
and the vibrating cylinder. The wall elements of the cylinder are tensioned by the
pressure acting over the cylinder internal area, and this tension causes the cylin-
der natural frequency to increase as a function of the increased pressure. When the
mechanical frequency increases, the magnetic pickup coil immediately detects this and
instantaneously relays this information to the amplifier-limiter combimation. This
new frequency and a new limiting voltage are fed back to the driver coil to produce
a reinforcing force pulse at the proper frequency.

’ Such a transducer is currently being manufactured by Hamilton Standard Division
P ’ of United Technologies Corporation. An article more fully describing its operation
and capabilities is reproduced in Appendix I. The cylindrical shells are currently
made by machining from a tube of Ni-Span~C metal alloy. However, because of this
method of fabrication, not only are the cylinders very expensive, because of the
precision of the machining required, but sizes and wall thicknesses are limited to
what can be accurately machined. Another cylinder fabrication method being inves-
tigated by Hamilton Standard is that of electroforming the cylinder on a sacrlficial
mandrel. Results to date have not been encouraging because this method is limited
to materials which can be electroplated. Ni-Span-C, for example, cannot be electro-
! plated because of the presence of titanium in its composition. However, Ni-Span-C
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remains an attractive materials for this application because its acoustic modulus
varies slowly with temperature, a property which contributes greatly to its operating
stability.

Ni-Span-C also has a reasonably high yield point so that the normal working
stress is only a small percent of its yield strength. This results in negligible
stress creep - an important factor in maintaining long term stability. Ni-Span-C
has a long history of use in mechanical resonators, Bourdon tubes, aneroid capsules,
etc.

The sputtering process has the ability of depositing complex alloys while main-
taining the composition of the bulk. Therefore, alloys such as Ni-Span-C could be
deposited by sputtering. Furthermore, Hamilton Standard has found that one of the
problems encountered in the fabrication of the present thin walled shells is the in-
consistency in the properties of the Ni-Span-C stock. As a result, considerable
variations exist in the behavior of the shells and adjustments in the electronics
must be made to compensate. In sputtering, very little material is wasted as com-
pared to conventional machining processes. Therefore, one sputtering target could
be used to fabricate many thin wall cylindrical shells with essentially identical
physical and magnetic properties.

i Once the sputtering technique has been established, thin walled cylinder fab-

| rication cost could be substantially reduced over the current method of machining

! because sputtering is amenable tc batch processing with one operator capable of
operating several systems.

The objective of this Manufacturing Technology Program was to establish the
sputtering process as a practical method of forming thin wall cylindrical shells
for use as the sensing element in vibrating cylinder pressure tramsducers of the
type currently used in jet engine aircraft. In order to reach this objective, the
K goals of the program were:

. 1. To determine the sputtering process parameters and to develop the associated
s technology required to produce by sputtering thin wall cylindrical shells whose mech-
3 i anical and magnetic properties are such as to operate as the sening element in vibrat-

‘ ing cylinder pressure transducers.

}i 2. To demonstrate that the use of the sputtering process for fabricating the
cylindrical shells is cost effective as compared to the present method of machining.

;'{ Since the nickel alloy Ni-Span-C has been used to fabricate the thin wall
cylinders used in the VibrasenseR, and since a great deal is known by Hamilton
Standard about its operating characteristics as a vibrating cylinder pressure trans-
ducer, this material was chosen for use in this program so that progress could be
established relative to a known standard.

. e v s,
‘ ~ Wkl gt ©
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2. DETAILS OF FABRICATION

The basic approach used in this program to fabricate the thin wall shells was
to deposit Ni-Span-C by sputtering onto a rotating mandrel. After the desired
thickness of Ni-Span-C had been deposited, the sputtered shell had to be removed ;

from the mandrel. To accomplish this, the major techmical problems to be solved !
were:

e atin Nasmed

A v

1. Deposit the Ni-Span-C such that it had the required mechanical and magnetic
properties necessary for use as a vibrating cylinder pressure transducer, and

2. Find a suitable means of removing the thin wall shell from the mandrel.

2.1 Sputtering Facilities

e RS A o ki, o e

The sputtering facility in which the greater part of the work of this contract
was carried on was an 18 inch high by 18 inch diameter stainless steel vacuum cham-
ber pumped with a 1600 liter per second turbomolecular pump back by a mechanical
roughing pump. The cylindrical shells were formed by depositing onto a rotating
mandrel from one or two planar 5 inch diameter rf diode sputtering targets. In
some instances a third target was used. The third target was mounted so that it
was oriented 90 degrees to the two opposed targets and in line with the mandrel.
The third target was used to build up surfaces on the cylinder which were perpendicu-
lar to the cylindrical axis. The shaft which supported the mandrel was hollow to
accommodate a heater and a temperature sensor. Furthermore, an electrical bias
could be applied to the mandrel through the rotating shaft. The mandrel was
threaded internally and screwed onto the rotatable shaft. A pair of electromagnets
behind and concentric with the targets was used to support and confine the plasma
in the vicinity of the target. A schematic diagram of this sputtering facility
is shown in Fig. 3.

A second sputtering facility was used for a portion of this work when operation '

k- and reliability of the primary system became suspect. The vacuum chamber was also
v of stainless steel but in the shape of a six sided cross. The cross was fabricated
B from 6.25 inch diameter pipe. The chamber was pumped with a six inch diameter oil

e

diffusion pump and a mechanical backing pump. The internal fixturing for the tar-

gets and substrate was similar to the first system described except that it was

rotated 90 degrees with the targets sputtering in the horizontal direction instead

of vertical. In this configuration, it was felt the likelihood of flakes falling

on the substrate during deposition would be greatly reduced. A schematic diagram of
. this sputtering system is shown in Fig. 4.
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SCHEMATIC OF ALTERNATE SPUTTERING FACILITY
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2.2 Mandrel Material and Fabrication

Two types of mandrel materials were used in this program. Aluminum was used as
a sacrificial mandrel material and stainless steel was used as a reuseable mandrel
material. With the aluminum mandrel, the sputtered shell was removed by selectively
etching the aluminum away in a sodium hydroxide solution. The shell material,
Ni-Span-C, is unaffected by the etch solution. While this approach worked very
well for removing the sputtered shell intact from the mandrel, there are disadvantages
in using an aluminum sacrifical mandrel. The most obvious disadvantage is that
sacrifical mandrels are by definition not reuseable. Therefore, the fabrication
cost of the mandrels could become a major consideration in the overall cost of
fabricating the part. In our application, the size and surface tolerances of the
mandrel required precise machining, resulting in a substantial recurring expense.
The use of an aluminum mandrel also imposed a relatively low deposition temperature
limit because of its low melting point. Because of these limitations, it was decided
early in the program to try to find a reuseable mandrel which was capable of sus-
taining higher deposition temperatures.

Reuseable mandrels were made of 300 series stainless steel. In order to facili-
tate removal of the sputtered shell, the stainless steel mandrels were covered with
a parting layer before deposition began. Various materials were tried as parting
layers. For example, in some cases the stainless steel was simply lightly oxidized
in air before deposition. Alternatively, the mandrels were coated with mineral oil
and the o0il carbonized by heating in air. By far the most reliable method, however,
was to overcoat the mandrel with a few tenths of a micron of sputtered SiOz. This
provided a smooth uniform coating on which the Ni-Span-C did not adhere well.
Furthermore, it was found early in the program that shells deposited without some
electrical biasing to the substrate were structurally very weak. Therefore, in
order to further assist in the removal of the shell from the mandrel, the initial
deposition on the mandrel was done without bias. After a suitable thickness of
coating had been deposited without electrical bias, the remainder of the shell was
deposited with the bias applied. Removal of the sputter~formed shell could then
generally be easily accomplished after some mechanical working of the coated mandrel.
Typically, the mechanical cold working consisted of burnishing the sputtered shell
with a steel wire brush as the coated mandrel was rotated, followed by glass bead
peening for several minutes. At this point, the shell could generally be easily
removed from the mandrel with the mandrel left intact to be used again.

If mechanical cold working of the shell was not desired, the shell could be
removed by utilizing the differences in thermal expansion coefficients between the
shell and the mandrel. Since the coefficient of thermal expansion of Ni-Span-C
is about half that of stainless steel, the mandrel can be shrunk away from the shell
by greatly reducing the temperature. A convenient means of doing this consists of
plunging the coated mandrel in liquid nitrogen.

10
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All mandrels were fabricated by precision machining to the tolerances specified
for the Hamilton Standard Vibrasense™ vibrating cylinder pressure transducer. The
mandrels were all threaded internally so that they could be screwed onto the half
inch diameter shaft which rotated the mandrel in front of the sputtering targets.
Figure 5 illustrates a typical stainless steel mandrel used in this program along
with the shell which has been sputtered onto it.

2.3 Deposition Process

: The deposition process consisted of sputtering Ni-Span~-C from rf planar diode
; cathodes onto the rotating mandrel. The angular velocity of rotation was about

10 revolutions per minute. The sputtering gas was argon, although some 2 percent
CO doped argon was also used in an effort to improve the film quality. After pump-
ing the chamber to high vacuum (10‘6 torr), the snuttering gas was introduced and
the plasma ignited. Normally no bias was ap»i:+. 2 the substrate during the initial
stages of the run since, as was mentioned ir %' :ic%u 2.2, the unbiased layer aided
in the releasing of the shell from the may:r:+=i. after the bias was applied, the
deposition was allowed to proceed until tiie <+ ..ed shell thickness was achieved.
Proper shell thickness was achieved by usiys % timeé~rate method where the rate for
a given set of deposition parameters h#i previcusly been determined.

S
5
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The two major process problems associ#&ted with the long high power sputtering
runs required to form the thin wall cwlinders were:

TP et Y g o, i

1. Coating of the fixtures in the deposition chamber.
§ % 2. High frequency of target replacement due to rapid target erosion.

Both of these phenomena had been anticipated before the program began, however,
the amount of time required to cope with these problems had not been fully appre-
ciated. Of the two, the first problem was the most serious. Despite the guard
rings and shields that were devised to prevent electrical shorting due to film
build up, the film build up was so great during the long high power runs that
shorting or flaking did sometimes occur. As a minimum precaution, it was required
to strip all of the fixtures in the vicinity of the target or substrate of any
deposit from previous runs before attempting another run. This did not guarantee,
but did minimize the likelihood of having to abort the run due to an electrical
short developing. It did occur on several occasions that a strip of deposited
Ni-Span-C would 1lift from a grounded metal shield and bridge a half inch gap to
the target and short it out. This problem would require further attention in
building up a production system.

42
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The second problem resulted mostly from target availability. Only thin (.05
in. thick) sheet Ni-Span-C stock was available for this program. As a result,

s e il 0 I Bl 8 P Asp A P o
’ R .

et .

11

- ~-__.____. ﬁ

tgigh A4

- s




FIG. 5

RB0-924394-8

TIYANVI T1331S SSIINIVLS ANV T13HS TVIIHANITAD TIVM NIHL a3yaiinds

;
£
{

- N
t
!

B




R80-924394-8

4 these targets eroded through quickly and had to be replaced often. An obvious

' solution to this problem would be to procure thicker target stock by special order
from the producer. A special order for this program would have resulted in an
intolerable time delay as well as a huge surplus of material. However, it is felt
that the need for continual target replacement was detrimental to achieving consis-
F' . tent shell quality.

b i e

TRy

The deposition parameters which were available for controlling the process and
the resulting metallographic structure of the shells were:

1. Sputtering gas - pressure and type
2. Deposition rate
b 3. Substrate temperature
4. Substrate bias
5. Magnet field strength.

Sputtering Gas

F ) The sputtering gas used in this program was for the most part 99.999 percent

A pure argon. A 2 percent doped CO argon gas was used for some runs where it was

’ felt that the CO would combine with any residual oxygen in the sputtering system.
This in turn would result in a cleaner deposited film. However, there was no
evidence that the doped gas improved the structure of the film.

y
k‘ : The gas pressure typically was at 1C mtorr. Variations in pressure included
8y . the range between 3 m torr and 15 m torr. Film quality was good for the pressure
range between 5 and 10 m torr. Gas pressures below 5 m torr resulted in unstable’
operation. Gas pressure above 10 m torr resulted in a more open structure.

o :‘.

g

Deposition Rate

VN

. Deposition rates ranged from about 1 micron per hour to about 8 microns per
i hour. Acceptable shells could be made at all of these deposition rates. However,
the best thin wall shells were formed at the higher rates; from 5 um per hour on
up. This is fortunate since the higher rates resulted in a shorter deposition time.
) Even so, at 5 um per hour, the deposition time to form a .0025 inch thick shell
! is 12.7 hours. While this may seem to be a long time to fabricate one shell, it
’i'i must be remembered that an operator is not required to be in continuous attendance
at the sputtering machine, but rather he can be occupied doing other tasks once
! the deposition process has started. Furthermore, for a production application, many
‘ shells could be formed at once in one sputtering facility.

L ek s e wen -
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Substrate Temperature

Substrate temperature during shell formation varied from 290°C to 650°C. Shells
grown at the higher temperatures were considerably improved in mechanical properties
compared to those grown at the lower temperatures. However, grain size remained
small and the sputtered material was more brittle than the bulk. Figure 6 shows the
typical grain formation of one of the best shells grown. No past deposition treat-
ment was performed on this sample. For comparison, a polished and etched sample of
bulk Ni-Span-C is also shown in Fig. 6. Note that the grain sizes of the bulk
sample are up to about 40 times larger than those of the sputtered material. Note
also that a change in grain size and crystallographic morphology occurred when the
deposition process was interrupted. However, when the process was restarted, the
normal grain growth resumed.

Substrate Bias

By far the most significant deposition parameter affecting crystallographic
growth of the sputtered shells was the substrate bias. As might be expected,
achieving the proper crystallographic morphology in the sputtered shells was one
of the major problems to be addressed in this program, since the performance of the
shells depdnds to a large extent upon specific mechanical properties. Figures 7A
through 7J are fracture sections and polished microsections of Ni-Span-C. 1In
Figs. 7A and 7B are shown sections taken from a bulk sample of Ni-Span-C. Note that
the fractured surface shows no preferred grain shape or size. Note also that the
surface is very irregular showing no preferred direction for the fracture to occur.
This fracture is characteristic of the type exhibited by a ductile material. In
the polished and etched section of the bulk sample, the grain pattern is indicative
of equiaxed growth. Figures 7C through 7J are sections of sputtered shells deposited
under various conditions, with the exception that the deposition temperature was
maintained at 650°C. Figures 7C and 7D are sections of a sputtered Ni-Span-C shell
deposited with a negative dc bias of 100 V at a rate of 1.6 um/hr. The structure of
this sample is fairly uniform as seen in the polished section but the fracture sec-
tion shows a tendency toward columnar growth. The shell was brittle and easily
fractured. Figures 7E through 7H are sections of a Ni-Span-C shell deposited with a
150 V negative dc bias at a rate of 1 ym/hr. In these sections, it appears that all
traces of preferred orientation have been removed by this bias. However, the nature
of the fracture indicates a high degree of brittleness since, as can be seen, the
break is smooth and clean as opposed to the more flowed surface of the bulk specimen.
Figures 7E and 7F are sections of the as-grown film, while Figs. 7G and 7H are sections
of the same film after glass bead peening. There is no evidence in the fracture
sections that the glass bead peening has altered the structure; however, in the
polished and etched samples, the grains appear to have been compressed due to the
peening. Figures 7I and 7J are sections of samples deposited with the same 150 V
negative dc bias but at a rate of 3 um/hr. This growth rate is aprpoximately three
times faster than that of Figs. 7G and 7H. This final sample shows a fracture
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FIG. 6
GRAIN STRUCTURE OF Ni-SPAN-C
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pattern much closer in nature to the bulk sample than any of the others. Note that
the surface shows that the metal has a tendency to flow before fracturing which is
more characteristic of ductile material. 1In fact, this sample exhibited a greater
resistance to fracture than did any of the other sputtered samples.

It is postulated that the higher deposition rate was beneficial to the
mechanical properties of the shell because less gas and few impurities could become
entrapped during sputtering. Because of the presence of reactive metals such as
Ti, Al and Fe in Ni-Span-C, impurity gases such as oxygen and water vapor could be
particularly harmful.

With the exception of the hulk sample all of the sputtered samples discussed
above were subsequently heat treated at 1050°C in hydrogen for 2 hours. Except for
a slightly greater resistance to fracture, no pronounced improvement in ductility
of the samples was noted as a result of the heat treatment. Fracture samples
examined under the scanning 2lectron microscope also showed no noticeable change in
structure from the unheat treated samples. From these observations, it is further
postulated that impurity gases in the sputtering system or impurities trapped during
the growing of the films could form oxides or other compounds with the reactive
metal components of the alloy and act as pinning sites for the fine grains. This
would inhibit equiaxed grain growth even under high temperature heat treating.

Magnetic Field Strength

In addition to the deposition parameters discussed above, magnetic field strength
in the vicinity of the targets was also investigated. The magnetic field produced
by the electromagnets surrounding the targets was varied from zero to 400 Gauss.
Shells grown with zero or low magnetic field strength were structurally poorer than
those grown with a field strength between 100 and 300 Gauss. The best shells were
formed with magnetic field strengths of 300 Gauss.

2.4 Sputtered Ni-Span-C Composition

Ni-Span-C is a complex nickel-iron alloy. In addition to nickel and ironm,
Ni-Span-C has chromium and titanium in its composition which make it amn alloy with a
controellable thermoelastic coefficient. This property is used in the design of the
VibrasenseR vibrating cylinder pressure transducer to temperature compensate the
instrument. Since the coefficient of thermal expansion is positive and since the
thermoelastic coefficient can be adjusted to a predetermined negative value, the
change in vibrating frequency of the cylinder as a function of temperature can be
made vanishingly small. However, the complexity of the alloy adds to the difficulty
not only of depositing it in the proper composition but also of achieving the required
crystallographic structure.

17
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The limiting chemical composition, the analyzed composition of a target, and
the analysis of a deposited shell from the same target are shown in Table 1. Note
that while there are some minor variations in the deposited shell composition with
respect to the target composition, the composition of the shell is, with the excep-
tion of titanium, within the range specified for the limiting compostion. There-
fore, from a compositional point of view, the sputtered shell is truly Ni-Span-C.

It should be pointed out that in analyzing the sputtered shell composition, care
must be exercised in interpreting the results based on the type of post deposition
treatment that the shell has seen. For example, when the shells were formed on sacri-
ficial mandrels, they were removed by etching the aluminum away in a sodium hydroxide
solution. Since the method of analysis used to determine composition was the electron
microprobe which is very resistive to surface contamination, the results showed a
higher aluminum content than was allowed in the limiting composition. Similarly,
one method of removing the shells from the stainless steel mandrels was to cold work
them slightly by burnishing them with a stainless steel brush. When these shells were
analyzed for composition, they showed an abnormally high iron, nickel, and chromium
content and a depressed aluminum and titanium content, apparently from a transfer
of stainless steel onto the surface of the shell. The analysis in Table 1 is of a
sputtered shell that has had no post deposition treatment other than being plunged
into liquid nitrogen to remove it from the mandrel.

2.5 Sputtered Shell Thickness Uniformity

Thickness uniformity of the sputtered shell was a mechanical requirement of
the VibrasenseR pressure transducer which had to be met. Nonuniformities in either
the axial or circumferential direction would result in unstable and unpredictable
operation of the vibrating cylinder. In the laboratory shell fabrication system,
the targets were 5 inches in diameter. The length of the sputtered shell was
approximately 1.87 inches long. The mandrel onto which the shells were formed was
also 1.87 inches long and approximately 0.70 inches in diameter. The target to
mandrel distance was approximately 2.5 inches. Shell thicknesses were required to
be 0.0025 ¥ .0001 inches. Figure 8 is a plot of the thicknesses measured on a
typical sputtered shell. These measurements were made from a mounted polished
section using a calibrated optical microscope. As can be seen, the sputtered shell
thickness uniformity was well within the specified tolerances for the machined shell.

2.6 Thin Wall Cylindrical Shell Pressure Transducer Elements
Having been successful in forming a thin wall shell by sputtering, it became
necessary to form a thin wall shell which could be used as a vibrating cylinder

pressure transducer element. The final assembly required of a thin wall element
for use in the VibrasenseR is shown in Fig. 9. Note that relatively heavy sections
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; I
TABLE 1 ;
ELEMENTAL COMPOSITION OF NI-SPAN-C ,
Element Limiting Composition Z - Target Analysis Shell Analysis
Nickel 41.0 - 43.5 43.9 42.3
Chromium 4.90 - 5.75 5.60 5.22
Titanium 2.20 - 2.75 2.91 3.15
Aluminum 0.30 - 0.80 0.43 0.51 é
Carbon 0.06 Max - -—-
Manganese 0.80 Max —— - ‘
? . Silicon 1.00 Max -—= ~—-
: Sulfur 0.04 Max -— -— |
! — Phosphorus 0.04 Max -— —
Iron 47.3 - 51.6 47.2 48.9

[ .
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* are attached to each end of the thin wall section. The upper-end restraint is used
' not only to provide a sturdy member to attach the vacuum tight end cap, but also
it provides a mechanical ground for the vibrating thin walls. In this way, a nodal
point exists at the lower edge of the upper end restraint. In a similar way, the
lower end restraint also provides a nodal point at the opposite end of the thin
wall section. Furthermore, the lower end restraint must provide a sturdy mechanical X
base to mount the cylinder to its mechanical package. In this program three
different schemes were tried to fabricate a thin wall cylinder for use as a pressure
sensing element in the Hamilton Standard VibrasenseR Vibrating Cylinder Pressure
Transducer.

The first scheme that was tried and which ultimately was the most successful
was to fabricate a simple thin wall open ended cylinder as shown in Fig. 10. Then
using a conventionally machined end cap and mounting base, the cap and the base
were electron beam welded to the thin wall shell to form a complete unit as shown
in Fig. 11. A conventionally machined cylinder is also shown in Fig. 11 for com-
parison. Details of this assembly are shown in Fig. 12. This construction satis-
fied all of the mechanical criteria for the pressure element, but because of the
necessity of machining the end pieces in addition to the welding, the cost of fab-
rication was not reduced as much as desired.

In another method of construction, the end restraints were premachined from bulk
Ni-Span-C. The mandrels were fabricated with accurately machined recesses at each
end such that when the end restraint pieces were slid onto the mandrel into these
recesses, the mandrel again appeared to be a solid cylinder. However, in preparing
the mandrel for sputtering only the stainless steel portion was coated with the
release film. In this way, it was anticipated that the sputtered shell would adhere
sufficiently well to the Ni-Span-C end restraint rings to form an essentially con-
tinuous construction. This would eliminate the need for welding in the final con-
struction. The problem with this approach turned out to be the difficulty in forming
;! a continuously smooth surface for the shell to grow onto. Precise machining, deform-

able filler material and mechanical force were all used in an attempt to maitain a
%! continuously smooth mandrel surface. However, in spite of all of these efforts, the
shell always remained weak in the region where the stainless mandrel and the end
restraint caps were in contact. Figure 13 shows a mandrel configuration with an
end restraint cap. An enlarged view at the end cap-mandrel junction shows the type
of weakness which was manifested in the sputtered shell as a result of this type of
construction.

The third method of construction that was tried consisted of sputtering the
complete shape of the vibrating cylinder to include the end cap and base configura-
tion as well as the cylindrical walls. This was done as one complete sputtering
operation and removed from the mandrel in one complete unit. Figure 14 shows such
a continuous shell together with the mandrel on which it was formed. However, it
was still required to have rugged end restraints to perform the function of

22
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mechanically grounding the thin walls and providing a sturdy support base. Figure
15 shows the method planned for attaching the end restraints to this type of
sputtered cylinder. However, this construction was never implemented because the
sputtered shells proved to be too weak in the region where the sharp internal radii
were formed. In forming these shells a sputtering target was added to the system
which was in line with the long axis of the mandrel to form the end cap and the
stepped portion of the base of the shell. This configuration is shown in Fig. 3.
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3. VIBRATING CYLINDER PRESSURE TRANSDUCER

Thin wall cylindrical shell pressure transducer elements were formed using the
first assembly scheme described in the previous section. That is, the thin wall
element was assembled by electron beam welding together a sputtered thin wall shell
and conventionally machined end cap and mounting base. Several cylinders thus
assembled representing the best results of this program were subjected tc the
Yamilton Standard Vibrasense® tests. ALl of the cylinders tested vibrated and
responded to changes in pressure indicating that they could perform as pressure
transducers. However, all cylinders showed a reduced signal output from that seen
in the standard machined cylinder. Also, the quality (Q) factor on even the best
performing sputtered cylinder was down considerably from that seen on the machined
ones. Table 2 below summarizes the results of these tests.

TABLE 2
SPUTTERED CYLINDER PERFORMANCE

Machined

Sputtered Cylinders Standard

Cylinder No. 1 2 3 4 Cylinder
Frequency of Vibration (Hz) 5338 5338 5691 6009 6400
Output Signal (mv) 17 14 26 20 80
"Q" Factor ~- - 407-1423 1160 9000

Cylinder number 4, which was considered to be the best example of a sputtered
vibrating cylinder made in this program, was packaged and delivered to the Naval
Air Systems Command as a deliverable item under this contract. This package included
the sputtered vibraitng cylinder electron beam welded to the protective outer
cylinder as shown in Fig. 9, as well as the associated signal conditions electronics
for generating and processing the output signal. A high frequency commercial
counter, (Hewlett-Packard Model 5314A Universal Counter) was also provided to de-
tect and display the output signal. A calibration of the pressure input versus
the cylinder vibrating frequency output was made for this pressure transducer and
the point by point data is shown in Fir. 16. Note that the output frequency is
measured to seven significant figures, three decimal places to .001 Hz. It should
be noted that the last figure is significant since, with a stable pressure source,
the frequency of vibration holds this last place. Figure 17 shows a continuous
plot of the frequency versus pressure. The curve is smooth and verv nearly linear
up to about 49 psia where the cylinder suddenly stops vibrating, restarts again
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|
CALIBRATION TABLE FOR SPUTTERED Ni-SPAN-C
VIBRATING CYLINDER PRESSURE TRANSDUCER i
|
PRESSURE |FREQUENCY
PSIA Hz
1 5685.888
2 5710.663
3 5735.194
4 5759.572
| 5 5783.756
i 6 5807.673
‘ 7 5831.481
8 5855.040
: o 9 5878.376
l K 10 5901.515
& 15 6014.314
- 17.5 6068.292
3} 20 6120.775
) 25 6221.110
3 30 6321.112
35 6404.262
X 40 6483.024
, 45 6858.898 .
49 6922.475
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just under 50 psia, then stops just over 50 psia. When the pressure is lowered,
the cylinder only starts to vibrate again when the pressure has been reduced to

about 39 psia after which time it retraces the curve generated with increasing
pressure.

The packaged vibrating cylinder and its associated electronics is shown in Figs.
18 and 19. The vibrating cylinder and its electronic package as shown in Fig. 18,
was placed in a constant temperature oven at 60°C. The pressure input to the
sputtered cylinder was the ambient atmospheric pressure in the laboratory. The
same input pressure was fed simultaneously to a temperature regulated vibrating
cylinder pressure transducer fabricated by the conventional method by Hamilton
Standard. The barometric pressure of the laboratory was thus monitored for 40 hours.
The data showed a small but persistent drift of 0.0019 psi/hr for the sputtered
cylinder away from the Hamilton Standard VibrasenseR unit. However, the sputtered
cylinder did detect the correct variations in the room atmospheric pressure.

It is not known at this time if this drift is due to electronic aging or
mechanical aging of the cylinder. Clearly, more work will be necessary to determine
the proper aging or heat treating cycle required to stabilize the sputtered shells.
The schedule used for the machined cylinders cannot be applied directly.
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4. CONCLUSIONS AND RECOMMENDATIONS FOR FUTURFE WORK

In this program it has been shown that thin wall cvlindrical shells can be
fabricated by sputtering as an alternative to machining. Furthermore, we have
demonstrated that sputtered thin wall cylinders can be used as elements in thin
wall vibrating cylinder pressure transducers. The best example of sputtered thin
wall cylinders produced in this program have not performed quite as well mechanically
as have the conventionally machined elements, however. Therefore, more work must
be done to further improve the mechanical properties of the sputtered shells.

From the experience gained in this program and from the encouraging results of
the assembled vibrating cylinder, it is felt that further work would be justified
to refine this technology for manufacturing applications. Though it has not been
shown directly in this program, the potential for cost savings in sputtering the
cylinders in batch lots as opposed to machining them one at a time is considerable.
For example, using a 12 inch diameter planar target system, it is estimated that
as many as 30 cylindrical shells could be formed at one time. Assuming a total
manpower expenditure of 30 hours per batch for preparation, deposition, post deposi-
tion treatment and end restraint assembly, this brings the manpower cost to one man
hour per cylinder. Under current production methods, approximately four man hours
are needed to fabricate a cylinder.

In a continuing program, the areas which would be investigated would include
those which we now feel would have a direct bearing on improving the crystallographic
structure of the shells as well as their mechanical properties. As mentioned
previously, Ni-Span-C is a very complex alloy with several very active elements,
i.e., titanium, aluminum, iron. This could contribute to the difficulty in
achieving consistently equiaxed grain growth in the sputtered films because of the
high affinity of these elements to form compounds. This hypothesis could be inves-
tigated by sputtering shells of successively more complex alloys, starting with a
stable single element such as nickel. Subsequent shells would be sputtered of
Nichrome, for example, followed by Invar, then Kovar. This type of study would
allow us to isolate the process parameters which affect equiaxed growth as more com-
plex alloys with more reactive elements are sputtered. In this way, we would
eventually learn to sputter repeatedly good quality Ni-Span-C for shell formation.

Another area which should be investigated is the consistent quality of the bulk =
target material. As pointed out earlier, one of the problems with conducting
sputtering runs of long duration at high power was the rapid erosion of the targets.

Since the only Ni-Span-C target material available for this program was .05 inches
thick sheet stock, targets had to be replaced after every run. The result of this
was that new targets were always being conditioned and the film composition was
probably not consistent. In a future program, the target material must be procured
in a form large enough to fabricate long lasting targets.
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The primary reason for using Ni-Span-C as the vibrating thin wall cylinder
material is the fact that its thermoelastic coefficient can be adjusted to a
specific value. Since the frequency of vibration is a functionm of the thermoelastic
coefficient and the thermal expansion coefficient, temperature compensation can be
achieved by proper choice of the thermoelastic coefficient. In this way, the
vibrating frequency can be made independent of temperature changes. The thermoelas-
tic coefficient is adjusted by heat treating the finished machined cylinder
according to a schedule based on a specific melt of the bulk Ni-Span-C. However,
after the Ni-Span-C has been sputtered, the effect of any previous cold working or
heat treatment has been lost. Furthermore, as seen in the table of sputtered Ni-
Span-C composition, the results of the analysis of the sputtered material is slightly
different than that of the target material. As a result, in order to adjust the
thermoelastic coefficient to a specific value, an investigation would have to be
conducted with the sputtered material in order to establish the proper heat treating
procedure. This type of information should also be sought in any future work in
the continuation of this program.
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A NEN DIGITAL PRESSURE TRANSDUCER

Richard C. Meyer

Hamilton Standard
Divieion of United Aircraft Corporation
Windsor locks, Connecticut

ABSTRACT

Hemilton Standard is using a new digital pressure
measuring concept in their aircraft and industrial
systems business. Jet engine fuel controls, air
inlet controls, and air data monitoring systems for
aircraft will benefit from the use of this stable
and accurate device. Industrial users in process
control, nuclear plant, snd sutomatic test equipment
are also finding that portability, accuracy, and
stebility now can be obtained in one instrument at
8 reasonable cost.

This paper discusses the design features of the
Hamilton Standard digital pressure transducer. The
vibrating cylinder pressure sensing element and ite
theory of operation are explored —how pressure
changes the natural vibratory frequency of the sen-
sing element and how this is couverted into an
electrical response signal. The meny variations of
signal output available from the digital transducer
are discussed.

A development of the term "accuracy" is presented,
followed by an exploration of the detalled accuracy
characteristics of the transducer. Approximately
10 different error sources are considered and dis-
cussed. These errors are statistically combined to
yield an overall accuracy for the transducer.

The packaging philosophy of the transducer and its
asgsociated electronics is explained, and a compoaite
photogreph of the various models is shown.

Two interesting applications are discussed wherein
the transducer was used to meke a diffioult measure~
ment., One is that of nuclear reactor conteinment
leakage testing, and the other is the use of the
transducer in air inlet controls for high performance
aircraft.
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INTRODUCTION

A demand haes been created in the systems business for
better transducers. The need comes as a result of
ultra-sophistication in the very complex control
systems required by modern machines., Much of this
complication is the result of having to do the old
control job an order of magnitude better because

the end item machine either is called upon to be more
accurate, more stable, or more responsive. Coupled
with this need is the ever preseat requirement to
maintain costs as low as possible.

The trend is quite evident that these exotic systems
must be controlled by digital computers. The word
"digital™ is the key to maintaining the required high
accuracy and stability. This cannot be done adequate=
ly with analog systems - nor does it have to be.

Years ago, the thought of using digitel computers in
control systems, especially in hostile environments,
was abandoned because of their large physicel size,
high cost, low reliability, and general delicacy.
Now, the situation is different. One can obtain
extremely rugged and reliable digital computer hard-
ware at a fraction of its old cost and size. The
digital controlled system is now a practical reality.
Its increasing popularity has created a demand for
complementary digital interface equipment in the form
of transducers, analog-to-digital converters, and
actuators.

So it was that Hamilton Standard found itself in a
ma jor control system competition with an enalog
pressure transducer that was marginal in doing the
Job at hand. Thus, the vibrating cylinder digital
pressure transducer was elevated from a low level
laboratory development study to a high production
inetrument with a capebilit, to out-perform all other
candidates. Tests of the subsequent control system
built around this new transducer fully coafirm the
correctness of ad pting this device as the solution
to a very difficu... systems problem.

The purpose of this paper is to discuss this new coa-
cept of measuring pressure, to show how it works, and
to explore why it is so unusually stable and accurate,
The transducer has many ramifications in terms of
output format which lead to & large number of possitle
applications. We shall look at the physicsl qualities
of the trensducer, and then explore the various
interesting uses to which it has been put.
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THE_BASIC TRANSDUCER

Today's digital transducers are available as one of
two types:

1) The digitel device which generates a time
dependent signal such as frequency, events-per-
unit-time, pulse width, etc., or

2) the indirect digital transducer which works ia
an analog format up to the very last stage where
the output signal is converted from analog to
digital (unusually binary).

The latter indirect transducer is basically analog
and shares the problems peculiar to all analog
devices such as hysteresis, drift, component tole-
rance variations, comperator inaccuracies, etc.

The better transducers, from an accuracy and stabi-
lity point-of-view, are the digital devices mentioned
in (1) above.

The subject of this peper is a digital pressure
transducer of unique design. Its output is a
frequency, which can be converted to a binary
digital format.

HOW _IT WORKS

The vibrating cylinder pressure transducer uses both
mechanical and electrical concepts in a closely
coupled relationship. However, it 1s best to sepa=-
rate these two disciplines long enough to discuss
their interesting individual characteristics before
trying to combine them in a system. So as to make
an orderly transition through the transducer system
from its pressure input to the output in digital
form, let us start with a discussion of the mechani-
cal input stage.

The sensing element consists of an assembly of two
concentric closed-end cylinders——a vibrating inner
one and a protective outer one. These cylinders are
fagstened to a common base at one end and are free
at the other. A schematic representation of this
configuration 1s shown in Figure 1. An additional
central structure is bullt from the base, and this
is called the spool body. The spool body serves as
a support for electro-megnets used in (1) exciting
or driving the vibrating inner cylinder and (2)
detecting its motion and frequency. The space
between the vibrating inner cylinder and the protect-
ive outer cylinder is evacuated to serve as the
absolute pressure reference. The cavity volume
between the vibrating inner cylinder and the spool
body receives the input pressure, generally through
porting passages in the transducer base. A photo-~
graph of this assembly is shown in Figure 2,

The side wall of the inner cylinder is excited by
magnetic field forces generated with the electro-~
magnetic driver coil located on the epool body. The
inner cylinder vibrates at its lowest natural fre-
quency relative to its physical dimensions. This is
also its lowest energy level, If we had a very long
or open-end, thin-wall cylinder, the lowest hoop
mode of vibration that can be excited by the driver
coil would have an oval shape. For a relatively
short, close-end, thin-wall cylinder, the closed end
(boundary) condition causes a different mode shape
to form. As the closed-end cylinder is mede shorter,
the lowest natural frequency becomes higher, as
might be expected, but the order of the lowest

natural frequency is 8lso higher. Thie is shown
graphically by the curve in Figure 3.

The cylinder configuration used in the pressure
transducer is chosen to operate in the four lobed,
symmetrical hoop mode shown in Figure 4.This mode
shape vwas chosen because it is easily excited with a4
bi-polar megnetic drive coil positioned diametrice-
ally within the vibrating cylinder, Also, there is
greater tolerance to cylinder length variations in
the lower numbered orders. The mode shepe symmetry
also permits the transducer to withstand large accel~-
eration displacements without any loss of magnetic
capabilities. This is roughly enalogous to changing
the resistance in opposite arms of an electrical
Wheatstone Bridge circuit in opposite directions and
having no net effect,

The magnetic pickup coil is positioned orthogonal to
the drive coil in the spool body. The spatial phase
relationship helps to start the vibrating cylinder
in its four lobed symmetrical mode. It also tends
to filter cut extraneous pickup because of the nodal
symetry.

The driver coil, the pickup coil, and the mechanic-
ally resonant vibrating inmer cylinder are inter-
connected by the flow of electrons through wires and
forces created by lines of magnetic flux, A closed
loop control circuit is formed by these components,
as shown schematically in Figure S.

With the above as background, a pneumatic pressure
can be introduced into the cavity between the spool
body and the vibrating cylinder. The wall elements
of the cylinder are tensioned by the pressure acting
over the cylinder internal area, and this tension
causes the cylinder natural frequency to increase
as 8 function of the increased pressure. When the
mechanical frequency increases, the magnetic pickup
coil immediately detects this and instantaneously
relays this informstion to the amplifier-limiter
combination. This new frequency and a new limiting
voltage are fed back to the driver coil to produce
a reinforcing force pulse at the proper frequeacy.

The transducer has a natural frequency at its zero
pressure point. This is called the transducer offset
frequency, or fy. The change in frequency due to
the application of "full scale" pressure, where "full
scale" pressure is chosen low enough to avoid stress-
creep, results in a frequency change of about 20%.

The expression for pressure as a function of vibra-
tory cylinder frequency is somewhat non-linesr, as
are most vibratory phenomena. The output equation
can be expressed as

P = A(fpofo IB(£ 1, Y240 21, )3

where constants A, B, and C are derived from the
calibration of the instrument and fy and f, ere the
transducer frequencies at pressure P and at zero
pressure, respectively.




FIGURE 1, SECTIONAL vIEW

FIGURE 2. VIBRATING CYLINDER PRESSURE TRANSDUCER
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TRANSDUCER OUTPUT CONSI DERATIONS

The basic transducer has a 50f duty cycle square wave
output signal with a 5 volt amplitude. This signal
format 1s completely compatible with the input/output
specirications for digital logic circuitry. The
basic frequency signal has infinite resolution.

Although the frequency format has a digital connote-
tion and exhibits the stability implied by *his type
of device, it is not one normally hendled dlrectly
by most digital computer or data reductior. syrtems.
These systems require a number representing pressure
in the binary or binary-coded-decimal (BCD) formst.
The conversion of frequency into & numerical value
with high resolution is usually done by measuring
the time or period of a transducer output cycle.

A common conversion method is to open a logic gate
to a precision, high frequency clock and accumulate
the binary count of clock pulses, as they pass
through the gate, using a counter. The clock gate
is initially opened at the beginning of one trans-
ducer output square wave cycle and closed at the
beginning of the subsequent transducer output cycle.
A number of fixed frequency clock pulses then will
have been accumulated in the counter during the time
of one transducer output cycle. As an example,
suppose the clock frequency is 15 MHz, and the
counter accumulation is 3333 cycles for the time
elapsed during one transducer cycle. If the accu-
mulated count is divided by the clock frequency,the
time lapse is determined. This, of course, is the
period of the transducer signal, and for this example,

T -Ne . 3333 cycles = 222,2x10"6 sec,
t " Tfg 15x100 cycles/sec. X107 sec

The transducer frequency is the reciprocal of the
period, so that

e oL 1
t =T T T23.2 x 100

4500 Hz .

However, the value of transducer period is the
quantity stored in binary form and used later for
further computation.

Notice that during that one transducer cycle, a
count of 3333 was accumulated. The resolution is 1
pert in 3333 or +0.03%. If more transducer cycles
are counted, a larger accumulation of 15 MHz pulses
would accrue and the resolution would be enhanced.
Counting transducer cycles is done with binary logic
elements, and it is interesting to see what happens
if the clock gate were controlled by, say, = 64
transducer counts. Now, the accumulated count would
be 64 x 3333 = 2133L2. A resolution of 1 part in
213312 is obtained or #0.0005%. Recognize, however,
that during the longer time required to count 64
transducer cycles to improve resolution, the press«
ure transducer output is being averaged over &
longer time. This reduces the response time of the
pressure measurement. As usual, if respounse of the
instrument is increased, accuracy (in the form of
resolution) decreases.

AI-4
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The above discussion centers on the determination of
transducer frequency or period in a precise manner.
But, the determination of pressure is what is really
required, and the resolution of measuring pressure
must be calculated by considering the difference
between the transducer period at the meesured press-
ure and the transducer period a8t zero pressure.

The resolution of pressure is expressed by

1 _ 1
Ne  (n-mM5 XN)
If values are given to these parameters the resolu-
tion of the pressure measurement can be calculated,
viz:
fo = 4500 Hz; T, = 222,2 x 10-6 sec.
fop = 5500 Hz; Tpop = 181.8 x 1076 sec.

fo =15 x 100 Hz

N, =26 =6k
D . 1
g 522.2-1B1.8) 105 (15)1

Resolution is 1 part in 38784 or 0.0026% of 20 psis.

Another possible treatment of the transducer output
signal is to use the binary representation of period
in a digital computer for the solution of the third
order pressure/frequency polynominal equation. In
terms of transducer period, the equation is

2 3
P .A(J.. -_1%3(_1.-.1..) +c._1..__%
" % o B " B
The digital computer thereby linearizes the transdu-
cer output, producing a binary represeuntation of the
actual pressure. This process can be done with
extreme precision and will not degrade the inherent
accuracy of the transducer. The overall accuracy of
this operation can be as good as 0.0128% of full
scale, Furthermore, once the computer is available,
it can be used to convert the binary format to BCD
for use with a decimal digit readout. More will be
said about the computer and its capabilities later.

There is a large family of pressure measuring sppli-
cations that does not need and cannot use the digital
output discussed above. The process control business,
for example, is one that is presently built around
the use of analog devices primarily because of the
unavailability of rugged digital devices. However,
analog systems could benefit from the inherent
accuracy or the stability of a digital transducer.
Having the transducer period as a binary number, it
is easy to convert this digital output to analog by
many of various proven methods. One, which hae been
popular, is the inexpensive scheme shown in Figure 6.
The precision of the analog conversion of this cir-
cuit 18 a function of the resistors used. If they
are carefully selected for value and they are of a
quality to preclude thermal problems, the conversion
ghould be fairly good. Since the basic transducer
output is about 5% non-linear, the analog output can-
oot be this good. Although this non-linearity
probably is not good enough for use in most test
instrument applications, it i& quite acceptable for
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closed loop analog control systems which are insensi-
tive to slight non-linearities but which can benefit
tremendously from the stability exhibited by the
digital transducer. This would satiafy the require-
ment of mwany process plants for a transducer that

can be installed and "forgotten".

Another option is available which ylelds a linear
analog output for those test instrument setups and
certain complex control systems requiring a highly
linearized output voltage. For this situetion, the
frequency output of the computer is first ~converted
to a binary representation of period, as discussed
above. The conversion from binary period *o linear
analog is done by analog computer and comparator
techniques — a process that yields a 0-5 VDC output,
linear to within +0.002 volts. The overall transdu-
cer accuracy, including such things as calibration,
repeatability, resolution, long term stability,
ambient temperature, and linearity, is approximately
+ 0.04% of full scale. This accuracy sttests to the
desireability of using the digital transducer as the
"front-end” of an analog system.

COMPUTER

When the digital computer is used with the pressure
transducer for linearization and temperature compen-
sation, its basic job is to take the binary repre-
sentation of transducer period, averaged over some
value such as 64 transducer cycles, combine it with
the calibration constants of the transducer pressure
sensing element, and compute the value of pressure.
This computation involves solving the third order
polynominal equation given previously. The computer
also may have the job of compensating the pressure
output for ambient temperature effects of the gas
being measured. Ia this case, assuming that the
transducer is not of the self-heated variety, the
compensation can be done from & 3-segmented curve
representing 47 as a function of ambient-temperature.

The computer is a compact assembly of three TO-8
cans and five 1-1/4 x 1-1/4 inch flat pack hybrid
circuits. These components are fabricated by inter-
connecting medium scale integrated (IBI) circuit
devices together in a multi-layer, three dimensional
layout resulting in high density packaging.

The foundation for each of the subassemblies is an
alumina or beryllia substrate upon which conductive
gold circuit and crystallizable dielectric patterns
are screened and fired to form a solid multi-layer
circuit. The MSI component devices are then bonded
to the substrate. Interconnections between MSI
devices and substrate circuit patterns are made with
finc gold lead wires which are attached by thermo-
compression bonding., Figure 7 is s 8X magnification
photograph of a TO-8 can hybrid circuit showing the
MSI devices attached to a .350 x .350 inch alumina
substrate. Figure 8 is a 5X megnification of a typi-
cal flat pack assembly. The five large devices in
Figure 8 are ceramic capacitors, the small black
devices with three lines showing are resistors, and
there are three MSI circuits.

There are several reasons for using hybrid construct-
ion of this type for the computer electronics. First
hybrid circuits are flexible and chenges can be made
to expand the computer and meet customer requirements
without incurring great cost. Second, this form of

’
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multi-layer hybrid construction results in a mechan=~
iecal structure that is, indeed, rugged and able to
take vibration and shock loads without failure.
Third, the subassembly is repairable and can be
salvaged if a bad device is found during post-product-
ion acceptance testing. And finally, the assembly

is small which permits compact packaging.

ACCURACY AND STABILITY

We might concede that the vibrating cylinder is an
interesting and an unusual concept for measuring
pressure, but why is it necessarily better than other
vibrating element or well known analog types? The
ansver to this is many faceted, as we shall see.

Damping -~ The vibrating cylinder pressure transducer
has many attributes which enhance its position among
transducers. One of the most important character-
istics inherent in the design is the transducer's
response to vibratory excitation at its natural
freguency. All mechanical structures have some
damping. This damping represents lost energy which
must be added by an external, vibratory driving
force. Ideally, the excitation force vector and

the vibrating cylinder displacement vector should

be exactly 90°P out-of-phase at the resonant operating
condition, Certain factors such as temperature
effect, circuit loading, magnetic coupling, and
operating frequency cause this phase relationship

to change. The presence of system damping and this
phase change causes the drive coil to operate slight-
1y off resonance. This, of course, produces a
direct error in the frequency-to-pressure relation-
ship. However, if the system damping is low enough,
the effect of system phase change will be small.

A vibrating device with low damping also has a
"sharp" or narrov resonance response curve. One way to
express the sharpness of the resonance curve is to
measure the smount of energy lost or dissipated per
cycle relative to the energy stored in the structure
per cycle. At resonance, the stored energy is equal
to the kinetic energy 8t maximum velocity (zero axis
croseing) or the potential energy (at maximum ampli-
tude). The energy ratio is denoted by the letter "Q"
and represents a figure of merit with regard to the
absence of system damping.

Q = Average energy stored per cycle .
Energ;, dissipsted by damping per cycle

It is evident that when damping is low, the Q will
be high. A convenlient method of obtaining this
figure of merit is to counsider the actual amplitude
response curve of the mechanical structure. Let the
maximum amplitude of vibratior at resonance be
denoted by G, see Figure 9. Aleo, let an amplitude
of Gnfebe denoted by H. 1If the resonant amplitude
Gy occurs at a frequency f, and the frequencies
accompanying the amplitude H are f; and fy, where

£ {fn{f2, the value of Q is expressed by

fﬂ
Q = ——— .,

fo - £
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The Q of the vibrating cylinder pressure transducer is
above 5000, which means that the resonance curve is
only one Hz wide at a natural frequency (f,) of

5000 Hz. This represents very low damping.

Perhaps in a more classic solution, we can assume a
single-degree-of-freedom system and express the
damping as a force in the differential equation of
motion

m¥+cx4kx e 'l‘{'} .

The damping force is Fy =c%, where c is the damping
constant and X is the vibratory velocity. The
damping factor is defined by the ratio {=z /4, where
Ce¢ = Pmu, , M = equivalent mass, and «,is the
circular resonant frequency. We can write an
expression for the ratio of the actual vibratory
amplitude to the static deflection. This ratio
is the magnification factor of the mechanical struct-
ure, expressed in terms of the damping factor
and the circular frequency ratio% y le,

n

X _ i
Xsrarc V{l-—(‘%,nr *. {z{%n}“
The maximum vibratory amplitude ratio, or magnifi-

cation factor, occurs at % =y/T-2(% ( 1,
and yields n

ME =

X max,

ME
M Xgume 2%V 1 -8

If the ratio of these magnification factors is taken,
we obtain

x 2{vT-1T
X - w7 Y& ), ’

xR 2T
and this equation can be used to determine the mecha-
nical damping factir by knowing that at ,yxmax =
1 s w = 4999.5. The demping factor com~
Az Yon ” 33563
putes to { = 0.000L. To show the significance of
this, consider the angular relstionship of the vector

forces involved. Referring to Figure 10, we can
draw the force vectors and compute

ek _cw 28,
kx —m¥%  k—-maw® 1-%nr

tan ¢ =

A plot of this relationship is shown in Figure 1l.

It is evident that when the damping factor { is small,
the effect of ¢ upon the frequency of vibration is
minimized. That is, if the driving circuit force
cannot be maintained at exactly 90P with respect

to the vibratory motion vector of the pressure trang-
ducer inner cylinder, it is advantageous to have as
little demping as possible to avoid large error in
frequency.

In order to evaluate the actual effect that damping
or Q has upon the transducer's output frequency, a
computation has been made using the equations dis-
cuased above. Many solid mechanical structures have
Q's of the order of 50 and lower. ‘his represents a
damping factor of 1% or higher. The Hamilton
Standard vibrating cylinder pressure transducer hes

a Q above 5000, Figure 12 is a plot showing the
percent error in output frequency as a function of

Q and the variation in the phase relationship ¥ .
These curves show that a phnce variation ot +iQP

can produce almost an order of magnitude larger error
in frequency than one of #10°. OQbserve also thet the
Hamilton Standard design has & maximum phasc error
of #+10° which pro.uces a frequency ¢rror ot only
+0.00176% compared with & theoretical 4 = 50 device
which would have an error of +0,1227% for the same
Av .

Thus, we have established the major advantage of having
a nigh § vibrating transducer - nanely, to make the
instrument insensitive to small phase changes :n the
drive control loop.

Repeatability and Hysteresis - Another attrivute
of the vibrating cylinder pressure transducer that
makes it an outstanding design is its low hysteresis
and excellent repeatability. Repeatability is a
measure of the maximum deviation from the average of
corresponding data points taken from repeated tects
under static and identical conditions for any one
pressure value. The uon-repeatability of a trans-
ducer is most often the result of drift and hystere-
sis due to strain of the sensing element, friction
in pivot points, the creep of adhesives, etc. The
vibrating cylinder transducer hasgs none of these
problems., Since there are no moving parts such as
bellows or balance beams, the device is ot suscept-
ible to coulomb friction, The vibrating inner cylin-
der is welded to the heavy base ring of the protect-
ive outer cylinder, and this subassembly is clamped
to the transducer base so that no relative motiot.
can exist, If there should exist some tendency for
an ianterjoint or intergrannular coulomb effect,

this hysteresis source is removed by the vibration
inherent in the transducer.

The vibrating cylinder undergoes a static stress
proportional to pressure. In a closed-end cylinder
these stresses are tensile, comvressive, shearing
and bending. Nonetheless, several things are
apparent. As long as the material is stressed
below its elastic limit, there will be no short
term tendency for any permanent deformation.
Second, if the stresses are well under the endur-
ance limit of the meterial, the cylinder will not
exhibit a degradation due to fatigue. Another
factor, perhaps less apparent than the others but
which can effect the hysteresis and repeatability
of the transducer, is stress creep. Stress creep
occurs as a three stape pheunomenon which is a
function of stress, temperature and time. For the
materials of construction of the vibrating cylinder,
a normal operating temperature of less than 250°F,
and a normal maximum working stress level of only
6 of the yield, the effects of stress creep are
negligible., Hence, we say the effect of all of the
above factors is better ihen #0.0001l% of the full
scale pressure be‘ng measured by the transducer.




long Term Stability - A third attribute of this
transducer is its long term stability. Stability is
1 measure of the transducer's freedom from changes hn
perrormince due to internal causes pver a period of
time. The long term referred to is a period of one
yenr, ertuinly the user has every right to expect
4 vrecision device to maiatain ite calibration for
seome pericd of time, and all too often that time span
is meousured in days. As has been discussed sbove,
the vinrating cylinder has no moving parts, no
tontet jotuts, and very conservative stressing —
exactly what is expected of a precision instrument.
The one year long term stebility of the vibrating
sylinder pressure transducer has been determined by
tests to have a 7o level of + 0.0060% F.S. Although
thiz is a very low number, we may ask what causes it.
The iavestigation of meny parameters has led to the
conclusion that this small degradation in performance
{n the long term is due to the porosity of (1) the
slectren benm welded joints that seal the reference
vaoium (sppraximately 10=9 torr) between the inner
nni cuter cylinders and/or (2) the micro-porosity of
materiaiy ased in fabricating the instrument. This
55 ire change 1S representstive, in stendard metric
form, of u lenk rate of 1.4% X 10-12 Torr liters/sec.
fhi. =t of leskage is the same order of magnitude
45 *he lepussing rate of steel, Although it has not
. proven coaclusively, the Jegassing of the
cylinder ussembly walls and welds is presently
theoyht to ve the origin of the long term stability
vu lues measured,

sclution - The resolution of the basic vibreting
sy linder pressure transducer is infinite. Frequency
~f the transducer varies with pressure changes in
sesordunce with 8 mathematical expreesion reflecting
» lnws of elasticity and conservation of energy.
"here is no granularity to this measurement.

e selation does become a part of the discussion,
however, when the basic frequency signal is converted
sceurntely to an analog or pure digital (binary or
fe~imal) format. Ae explained above in the section
ander Output Considerations, most of these techniques
involve a frequency sampling time and perhaps &
linesrizing computation time. Consider the conver-
sion from frequency to the binary representation of
period. The resolution is determined from the rela-
tionship

1 - 1
Ne (1;)_1;)) ‘.QNQ
where N, = accumulated clock cycle count (cycles)
N : transducer cycle count (cycles)
Qt = clock frequency (Hz)
T = 1/f, , the transducer period at zero
pressure (gec.)
T, = 1/t , the transducer period at the

measured pressure, P. (sec.)
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The practical upper limit of the clock frequency is
15 megahertz. Frequencies higher then that begin to
produce crosstalk and problems in mechanicel packaging.
Typical values for the transducer period st zero
pressure and say 20 peie are 1/f, = 1/L500 Hz or

T, = 222.2 microseconds and 1/f,, = 1/5500 Hz or

T,o, = 181.8 microseconds. The value of Ny ig some-
what arbitrary and depends upon the application. For
measurements where fast response is required, the
period sampling time must be shortened ss required

to meet the need. For the benign laboratory environ-
ment, the sample tsken can be very large. In general,
however, it is convenient to sample on the basis of &
power of 2 since the conversion circuitry generelly
uses binary logic elements. For this example, consi-
der the use of & seven bit counter such that the
sampling time ends just as the seventh bit changes from
0 to 1. Thus, the trigger count is the change from
8 decimal count of 63 = 0111111(p) to a decimal count
of 64 = 1000000(5). Substituting back into the above
equation yields a resolution of

1, 1
= pr 1 T =%
Ne {222.2-181.8}10%15-10% 64 38784

=+0.00258%

Linearity and Calibration - The calibration of the
instrument is the process of determining the constants
A, B, and C in the equation

2 4
P =A(,~1)+B(1,-1 ) +C (r,-1,)

This third order equation is a good approximetion of
the relationship between pressure and frequency. It
has been found that higher order equations make very
small improvements in accuracy. The coefficients A,
B, and C could be determined by calibrating the trans-
ducer at three points and then solving simultaneously
the three equations that result. This technique would
not allow the error of the determination to be esta-
blished since no redundant data is used. A better
method is to calibrate the transducer using seversl
times the minimum amount of data required, ususlly 10
points, This data is then used in a computerized
curve-fitting routine which fits the 10 calibration
points to a third order curve and calculates the
absolute deviation from that curve. This deviation

is what is meant by the end-point linearity, and on
this basis it is found that the end-point linearity
of the transducer is +0.0080% of full scale.

The calibration of high accuracy transducers is a
difficult problem. It is difficult to determine that
the calibration device is as good or better than thet
which is being calibrated, The deed-weight tester is
about as consistent and trouble-free a device as is
practical to use, end it cen be calibrated and certi-
fied by the National Bureau of Standards.

The calibration errors have been budgeted in three
categories, The first error is associated with the
weights used in the calibration process. The weights
are placed on the tester pan which is supported by &
piston in a cylinder. This assembly closes a volume
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that is connected by plumbing to the transducer. The
weights load the piston, and this load, applied over
the piston/cylinder area, creates & gas pressure in
the closed volume. The weights are certified by the
National Bureau of Standards (NBS) and represent a

+ 0.0050F of point calibration pressure error.

The second error is in conjunction with the sares of
the piston/cylinder sssembly. This is also calibrated
by the NBS, and the error in area represents a cali-
bration pressure error of #0.0045% of point.

The third category of error in the calibration process
represents & number of factors which together and by
practical experience over years of laboratory cali-
bration service amount to an error of #0.0005 psi.

The tactors included in this category are:

(a) Friction between piston and cylinder of the
dead-weight tester.

(b) Level of weight pan.
(c) Unbalance of the weights on pea.

(4) Deflection of cylinder side walls under
pressure.

(e) Piston temperature.

(f) value of "g" acceleration at the calibration
site.

(g) Residual air pressure in bell jar covering
tester.

The total calibration error is represented by the
expression

Calibration Error = +{{(.00005) Pressure]® +
[( 000047) Pressure]2 ¥ [.0005]2 }* psi and computes
to + 0.0073% at 20 psia.

Density - The vibrating cylinder pressure transducer's
natural frequency is a function of the equivalent

mass of the vibrating system. The vibrating system
includes not onlythe metal walls of the inner cylin-
der but also the mass loading of the gas in contact
with it. The vibrating cylinder pressure transducer
is designed for measuring gas pressure, not liquids,
When the gas is in contect with the vibrating cylin-
der walls, it is "pumped” back and forth between anti-
nodes, and because of gas density effects, the gas
adds an effective mass to the cylinder. Ordinarily
this causes no problem because for any given gas the
pressure - density relationship is constant if the
temperature is constant. Therefore, the effect of
density is removed during the calibration process for
a given gas.

Temperature - Temperature affects both the elastic
constant of the vibrating cylinder and the density of
the gas in contact with the cylinder. Fortunately,
the frequency of the vibrating cylinder is proportion-
al to the square root of the elastic coustant and
inversely proportional to the square root of the
density. These charateristics tend to be cancelling.
If the transducer is left uncompensated, the pressure
error due to temperature is an off-set linear rela-
tionship such as the following for a 20 psia unit:

Error = + [0.000232P + .00035) %/°F.

If the user compensates for temperature changes by
means of 8 signal from a diode temperature sensor af-
fixed to the spool body, it is reasonable to assume
that this compensation can be accomplished to

within +1.0°PF, and then the above equation is applied
on an absglute basis., The error of 20 psis would be
#0.005% of point.

Perhaps a better method of temperature compensation

is achieved by building a heating coil into the spool
body and controlling the temperature of the internal
structure and gas by means of & simple, proportionsl,
closed loop control. A bridge circuit ig used to

set the control reference, and this reference is inde-
pendent of power supply variations. The error voltage
established by the difference between the sensed
temperature and the reference is smplified and used

to control the rectified heater power voltage. This
set point is normelly placed at 160°F, a temperature
high enough to eliminate condensation problems.

Under these circumstances, the absolute pressure
error equation for the 20 psie transducer will be

Error = + [0,0000465P + ,00007] %
which, at 20 psia, computes to #0.001% of point.

Vibration - As explained previously, the inner
cylinder vibrates in a symmetrical, four lobed hoop
mode. Heuce the effect of external lateral vibra‘-
ion on the driver or pickup elements of the trans-
ducer cancels out. The structure is stiff enough
to be free of lateral resonances below 2000 Hz.
Above 2000 Hz, one begins to find some cantilever
bending modes of the spool body and the cylinder
assembly. Even at these lateral modes of vibration,
the error is random and tends to average out if the
trangducer sampling time is long enough.

There is no error due to axial excitation.

Error Summation - The error sources discussed above
repregent all of the significant fasctors that deter-
mine the overall accuracy of the vibrating cylinder
pressure transducer concept. The errors are all
ratdom, which means that there is an equsl chance
for the error to be either positive or negstive.
Some of the errors are inherently percent-of-point
based while others are percent-of-full scale based.
Errors 2ve not necessarily statistically distributed
in the same manner (i.e., Gaussian, Weibull, recten-
gular, etc. , however, they must all have the same
multiple ot standard deviation, i.e., all ¢ , or all
2¢ , or all no , and not a mixture.

Then according to the "Central Limit Theorem", no
matter what the distribution of independent variables
{square, rectangular, Gaussian, Weibull skewed, or
other)es a limit they approach the root-sum-square
of a Gaussian distribution. Hence, the importance
of the Gaussian distribution in the determination of
error.

In order to obtain the total error for a given press-
ure transducer, certain assumptions have been made
as follows:

(a) The transducer is temperature controlled.

(b) A digital computer is used to linearize the
pressure transducer's numerical output.
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(c) A transducer cycle sample count of 64 is used in

conjunction with a 15 MHz precision clock.

(d) The pressure transducer has a full scale value
of 20 psia,

We can combine all of 2¢ errors in the statistical
manner outlined above to yield the results shown
below:

DAMPING « « o o o o s o o o o o o ++0.0018§

calibration .+ {(.00100)2+(,0009k )2+
'.OOOS)Q}y' - 100/20 = ¥0.0073%

Linearity « + « o o o « o o s & » «+0.0080%
Repeatability « « « « » o « + . . ++0.0001%
Resolution « « « o s o o o & o o ++0.0026%
long Term Stability + « + + « + o .*0.0060%

Ambient Temperature . . . . + » » +*0,0010%

% Error at 20 psia = #{(.0018) '+

.0073)- +(.0080)"+( . 0001 )+
.0026) +{.0060) +(.0010) & . . .+.0108%

PACKAGI NG

The packaging philosophy for all of the transducer
models, from the basic model to that with a linear-
izing digital computer, features the incorporation
of all hardware into one, self contained module for
convenience of use., A family of these transducers
is shown in Figure 13. As all transducer manu=-
facturer have found, each user is different, has an
unusual application, and requires a somevwhat differ-
ent output format, counting resolution, shape, size,

etc, Hence, the component subassemblies are designed

to be conveniently separated or varied as required
by the users.

APPLI CATIONS

The applications for pressure transducers are many
and varied. Some require the best transducer
available in order to achieve the desired result.
The vibrating cylinder pressure transducer is being
used or proposed for many applications in process
control, laboratory analysis, test instrumentation
and complex control systems. Some of these are the

(a) measurement of very high altitude flight
characteristics of aircraft

(b) flow measurement of natural gas in pipeline
systems

(c) measurement of cooking and flow pressures in
food processing

(d) measurement of pressure in dlesel engines for
diagnostic purposes

(e) measurement of pressure with micro-pressure
resolution for laboratory analysis

(f) measurement of the pressure ratio across an
aircraft engine for flight control

(g) measurement of air speed

It is applications such as these that led to the
Gevelopment of the vibrating cylinder pressure trans-
ducer, so it is appropriate to discuss two demanding
applications that have benefitted by the use of thig
instrument.,

NUCLEAR POWER STATIONS

As our resources are expended at an ever increasing
rate, managers of electric power compenies are under
more pressure to find better ways of serving the
public and industry without producing by-prnducts
which contaminate the environment. All this must be
done for a reasonable cost. A strong trend toward
the use of nuclear reactor power stations has been
evident during the last two decades. New nuclear
electric generating stations are being built and

more are in the planning and desipgn stage. Along
with this growing populution of operating plants,

we find new safety regulations being written with
which to control this infant industry. One standard,
ANS 7.60, written by the American Nurlear Society,
relates to the subject of pressure transducers. It
requires that leakage from the containment structure
surrounding the nuclear reactor be monitored. This
requirement has been echoed and augmented by the AEC
in the proposed regulation (Federal Register, Vol. 36,
No. 167 - Friday, August 27, 1971) relative to leakage
testing requirements for the primary reactor contein-
ment, the seals and gaskets associated wilh elemente
penetrating the primary containment, and containment
isolation valves. These regulations require periodic
tests to be made on the structure to determine leak=~
age or leakage potential which, in su emergency, might
accidentally release radio-active materials into the
atmosphere that could endanger the public health and
safety.

Several tests are proposed. One is the Type A test
used to verify the leakage of the reactor containment
when the unit is first constructed and later on at
periodic intervals. A positive pressure is applied
to the reactor building and pressure data is taken on
an hourly basis over not less than 24 hours. These
leakage data are fitted to a linear least-square
curve as a regression problem in statistics. This
leakage must fall within the licence specifications
for the individual and specific power generator under
investigation. Thereafter, three Type A leakage
tests are made within the span of ten service years.
Several variations of this test are permitted; however,
the intent of them all is the same ~ to verify the
integrity of the reactor containment.

Type B and Type C tests are done on the seals and
gaskets, and the isolation valves, respectively.
These leakage tests are conducted at each major
refueling of the reactor, but not longer than at
two year intervals. Here again varistions in this
requirement exist, depending upon the type of equip-
ment.

The above tests call for pressurizing the containment
structure which can be a building, 2 vessel, or an
undeground housing for the components of the reactor
system. These components include the primary contain-
ment vessel, penetrations of this vessel, and associa-
ted valves. The pressures for testing are either the
peak containment internal pressure expected as a
result of a hypothetical loss of reactor coolant, or

a reduced pressure of not less than 50% of the peak
pressure.
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The method of leak detection is to measure the rate
of decay of the absolute internsl pressure for 24

hours at one hour intervals. The resulting leakage
for each interval is calculated from the expression

4 Leakage/Hour = {1 _ TyP57) 100,
ToPy
where T and P are the measured temperatures and
pressures at the beginning (1) and end (2) of the
interval. These results are used in a least-gquares
statistical calculation of the 2k hour leakage rate.
Differentiating the above equation, a statistical
expregsion for the error in the leakege determina-
tion is obtained to be

2 2 z Y
e e 59 93708 -2

1f the testing is done under well controlled,
constant temperature conditions, the temperature
error terms can be disregarded, leaving only the
pressure messurement error. Since leakage is small,
pressure changes over a one hour span are also small,
and, therefore, calibration and long term stability
errors can be neglected. The major error sources
are repeatability and resolution. Since the repeat-
ability of the vibrating cylinder pressure trans-
ducer is better than #0.0001% of full scale, the
error in leakage determination resolves to one of
transducer resolution. The resolution of the
vibrating cylinder pressure transducer is inhereuntly
infinite. Wwhen converting from frequency to binary
period, the resolution can be any desired level
depending only upon the sampling time of transducer
cycles and the precision clock frequency.

Another measurement made by the subject transducer in
the nuclear povwer-genersting station is that of venti=-
lation system pressure. Some of the structures used
in the power plant complex have ventilation systems
that operate at a few inches of water less than
atmospheric pressure., This assures that leakage of
the structure will be negative. The outflow from the
ventilating system is passed through filters where
contaminants are removed. These contaminants could
be radioactive, so they are disposed in & manner
controlled by the Atomic Energy Commission. The
pressure balancing of the pressure duct system of
vents is important so that proper ventilation flow

is established without recirculation of potentially
contaminating particles. The pressure balancing of
these ventilation ducts is done more asccurately
using a portable vibrating cylinder pressure trans-
ducer because of its stability and resolution. A
photograph of this portable device is shown in
Figure 1k,

Aircraft Air Inlet Controls

As aircraft flight speeds become faster and faster,
the role of the air induction system, or air inlet
control, for the jet engine becomes more and more
important. This is a natural consequence of the
increased ram compression available at supersonic
flight speeds. Even at mpderate supersonic Mach
numbers the amount of ram compression availeble
axree iz that of the jet engine compressor; hence,
the inlet becomes an important part of the engine
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cycle and the efficiency of the propulsion system is
closely coupled with the efficiency of the air inlet
system. The primary function of the supersonic inlet
is to efficiently convert the kinetic energy of the
inlet air to pressure; but, in addition, the inlet
must supply the correct amount of air at velocities
and pressures which the engine can accept, and it
should do this with low drag due to spillage of excess
air over the entire range of aircraft operation.

With increasing flight Mach number, the task of the
inlet becomes more difficult, end the inlet must be
more sophisticated to meet the wide range of require-
ments. The inlet control senses the inlet/eircraft
operating conditions and, using the high speed compu-
tation of a digital computer, modifies the inlet
geometry by adjusting the inlet ramp position and
by-pass door opening to control inlet capture area,
shock wave pattern, and airflow spillage. These
elements are shown in Figure 15.

High speed aircraft are ususlly operated at predeter=-
mined Mach numbers instead of specific airspeeds.
Mach number is the ratio of the speed of an object to
the speed of sound in the same medium and at the same
tempersture. Sonic velocity and Mach number vary
with air temperature, therefore, at standard day
conditions, the air speed which corresponds to a
given Mach number will vary with changes in altitude.

In the case of an aircraft which is designed to fly
at gpeeds o1’ Mach 2.0 and greater, the air velocities
which are encountered at the inlet duct are much
higher than the engine can efficiently use. The air’
inlet, its geometry changing mechanism and control,
provides the means to slow this air. This process

of slowing incoming air resuv'ts in a static pressure
rise, or compression, and the amount of compression
ig drite mined by the kinetic energy of the air gtream
flowing pest Lhe aircraft. On a subsonic jet aircraft,
the engine compre seor inlet pressure is about 1.8
times the free strecam stutic pressure at a cruise
Mach nuwber of 0.95. Tuis compression ratio increases
to approximately 17 at a Mach number of 2.5. The
importance of inlet performance at high Mech conditions
is evident when this duct pressure ratio of 17 is
compared with typical engine compression ratios of
15-25. As the duct pressure ratio increases, complex
variable geometry duct designs are required, along
with intricate contrcl systems, to achieve high
efficiency.

The kinetic energy of a supersonic flow stream is
converted to pressure by passing the flow through

a convergent-divergent pessage. The flow will be
supersonic but decreasing in Mach number in the
convergent section of the passage, and a transition
to subsonic flow will occur at the throat of the
passage where the air passes through a normal shock
wave. At this point, the flow velocity will have been
reduced to approximately 0.8 Mach number. The flow
stream then passes through a divergeant passage where
the velocity can be reduced as low as is required by
expanding the divergent pasesage to a larger and larger
cross~-sectional area, In this compression process,
lowering the upstream Mach number requires more and
more contraction of the pagssage at the throat in order
to efficiently decelerate the flow stream to a velocity .
alightly above Mach 1.0 before pessing through the

normal shock wave,




A system of bypass doors is under the supervision of
the air inlet control to reroute the air that the
engine cannot efficiently handle. By-pass of this
alr internally assures az minimum drag penalty to

the airceatt pecnuse of minimum inlet air spillage,
permits the enterance of air at the engine compressor
face to be at the correct pressure, and helps to
position and stabilize the normal shock at the inlet
throat .

Although many types of meusurements are required by
the inlet control such as temperature, displacement,
vibration and hydraulic pressure, the most difficult
parameter to measure accurately is pneumatic press-
ure, This is because of the large range of pressure
to be measured and the associated large turn-down
ratio (maximum to minimum pressure ratio). The
turn-down ratio often approaches 20 to 30 to 1 which
makes the selection of pressure transducers difficult
since accurate measurements must be made at both ends
of the range of pressures. The accuracy of the
pressure measurement device is extremely critical

as is the computation of local Mach pressure ratio
because any error in sensing or calculating results
in off~design inlet operation. The signals received
from the airplane pitot-static system, Pp, and Pg,,
provide the means to compute local Mach pressure
ratio. The ratio of Pp, to Pg, provides a unique
signal which is used to schedule ramp position.
Pressures Ppo and PSo are transduced by vibrating
cylinder pressure sensors. The ratio of these signals
is calculated by a digital computer.

Bypasc door control is based on an aerodynamically
closed loop principle of operation. Pitot-static
pressure sensing probes are located in the engine
inlet duct, downstream of the normel shock., The
probe location is selected so that the desired throat
pressure ratio can be maintained, over the range of
automatic operation, at a fixed or nearly fixed ratio
of signal pressures, (PT/PS)t. Pressures Ppy and Pgq
are also sensed by vibrating cylinder pressure trans-
ducers, and the pressure ratio 1s determined by the
digital computer,

Of the four vibrating cylinder pressure transducers
used Lo meusure local Mach presgure ratio and throst
pressure ratio, there are three high pressure sensors
and one low pressure sensor, each sensor being a
separate sub-assembly. The four pressure trans-
Jucers produce variable frequency output signals of
5 volts peak-to-peek amplitude. The Pg, transducer
output ranges from 4.2 KHz to 5.5 KHz while the other
three transducers range from 5.4 KHz to 7 KHz. The
transducer electronics are assembled on three small
printed circuit cards. One board conteins the driver
amplifier circuit for the vibrating cylinder. The
second card accepts the output from a temperature
sensitive diode located on the transducer spool body,
amplifies it, and feeds it to a transducer multiplex
network which interrogates each transducer tempera-
ture for compensation by the digital compuler. The
third card conteins a read only-memory which stores

he calibration constants for the transducer. This
memory is interrogated by the multiplexer part of the
digital computer program control., A photograph of
this subassembly is shown in Figure 16 and 17.

A special purpose digital computer performs all compu-
tation, scheduling and decision making functions
required in the operation of the air inlet control.
The computer processor receives the four pressure
transducer signals as 16 bit binary aumbers., It
also uses information on total temperature, angle

of attack, and remp and bypass door position. The
ma jor outputs of the processor are the positioca
command signals to the ramp and bypass door servo
valves, each of which is updated about 88 times per
second, These signsls are converted to an analog
format and delivered to electrohydraulic servo valves
through 10 bit D/A converters, one for each actustor.

All pneumatic pressure measurements require fast
response rates because of transients introduced by
aircraft attitude variations. Transducers of the
type generally used for lsboratory or wind tunnel
measurements do not usually have suitable transient
response for flight, During tlight, the aircraft
accelerates and climbs to cruise altitude in an
unscheduled manner which precludes stabilizing on a
given flight conditioan for any significant time
period. Also, varigtions of in-flow angle to the
inlet are induced by pitch and yaw of the airframe.
Therefore, transient measurements must be made with
instrument response that is flat to 15 cps. This
means that the installation of the pressure trang-
ducer must be made so as to Keep its distance from
the sensing probe to a minimum. One of the major
deterrents to fast response frequency is the use of
long pneumatic hookup tubes. Fast response also
means that the transducer cycle count during the
conversion from frequency to Linary period must be
minimized. The combination of these paresme‘ers in
the design of a respousive air inlet control is a
delicate task,

The design of air inlet control systems has always
been difficult and complex. Ta the latest high
performance, high Mach number sircraft, this task
would be all but impossible were it not for the
accuracy and stability of the vibrating cylinder
pressure transducer. An exploded view of anelectron-
ic air inlet control is shown in Figure 18. The
assembled unit is shown in Figure 19.

CONCLUSIONS

The Hamilton Standard vibrating cylinder digital
pressure transducer is truly a unique device — not
only because of its unusuval configuraiion and operst-
ing principles but also because of its uncommon
combination of accuracy, stability, small size, and
ruggedness., The idea of a vibrating device to sense
pressure is not new. Many devices comprised of
vibrating wires, vibrating tuning forks, vibrating
dlaphragms, etc., have been conceived and built.
However, none of these configurations have the stabi-
lity and high Q of the vibrating cylinder pressure
transducer.,

The vibrating cylinder netural frequency changes with
the pressure being measured. The basic transducer
produces a square wave, variable frequency output
signal, This sigm1l, although about 5% non-linear,
can be used as a frequency proportional to pressure,
as a binary digital number representing transducer

st a0+ - R
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period which is inversely proportional to pressure, or

as an analog representation of the frequency which
again 1s proportional to pressure. Any of these
outputs have the inherent high stability and low
hysteresis of the basic transducer. The latter two
represent conversions which, if done carefully and
with resolutic': considered, can yield output signals
of the highest accuracy. There sre numerous appli-
cations which require that the pressure transducer
have a linear output. In those instances, the
vibrating cylinder pressure transducer includes a
digital computer if a linearized digital output is
desired, or an analog computer and comperator if a
linear analog signal is needed., For either of these
instruments, conversion to engineering units is
readily accomplished by applying the proper scaling
factor. For that matter, the scaling factor need
not be linear, such as is required for an output in
terms of altitude,

The overall accuracy of the linearized instruments
is computed from the statistical sum of & number of
errors, each of which is random. Taking into account
errors due to damping, repeatability, hysteresis,
long term stability, resolution, calibration, linear-
ity, gas density, ambient temperature, and vibration,
the total 2¢ error for a 20 psia vibrating cylinder
pressure transducer with a linear digital output is
+0.0128% of full scale., The error for the linear
analog instrument is #0.04% of full scale. Ve
believe that accuracy to this degree in so small

an1 rugged a package is unparalleled.

Many applications could be discussed = they are all
interesting, especially because they are all comple-
mented by the subject pressure trensducer. Time

and space have permitted the discussion of only two
of the many interesting uses for digital pressure
transducers. The nuclear power plant benefits from
the vibrating cylinder pressure transducer because
leakage testing of reactor containment is made
eagsier and more accurate, The user likes the idea
of not having to recalibrate the instrument every
two weeks, The same stability affords the air inlet
control the ability to operate for months without
drifting off design, a situation which might drastic-
ally degrade the performunce of supersonic aircraft
and put the pilot at a disadvantage when he tries to
pursue his acsigned mission.

The discussion, analysis, and applications discussed
in this paper indicate that the vibrating cylinder
digital pressure transducer is an instrument that
can be used in the laboratory as well as in the
relatively hostile environment found in aircraft
systems and process control. Hopefully, with the
availability of instruments such as this, the trend
toward digital systems will increase, thereby
permitting the achievement of accuracy and etability
heretofore not available in analog systems. The
trend will continue as long as digital instruments
can be made simple, reliable, and low in cost.
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NOMENCLATURE

= Calibration conctants

[ = Demping

= Magnetic forcing function

= Frequency

= Vibratory amplitude at fn

= Vibratory amplitude at f, and fa

= Spring constant of cylinder wall

= Inductance of magnetic pickup coil

= Magnification factor

= Mass

= Count

= Pressure being measured

= Average energy sbored/energy dissipated
by damping per cycle

= Time

= Voltage from magnetic pickup coil

Vibratory amplitude of cylinder wall

Vibratory velocity of cylinder wall

Vibratory acceleretion of cylinder wall

e damping factor

Period of vibration

Lines of magnetic flux

Phase angle between forcing function

and vibratory amplitude

Circuler frequency
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SUBSCRI PTS

Clock

Natural frequency

Offset pressure or free stream
Pressure meesured

Static

Total

Transducer or throat
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APPENDIX II

. PRIME ITEM PROCESS SPECIFICATION FOR A LOW COST METHOD OF
FABRICATING THIN WALLED CYLINDRICAL SHELLS
USING A SPUTTERING PROCESS

hes

Specification Number
Code Identification

September 4, 1980

1.0 SCOPE

, 1.1 Scope
This specification covers the processing technology used to fabricate thin

| . walled cylindrical shells by sputtering. Thin wall shells can be used as the
i sensing element in vibrating cylinder pressure transducers.

2.0 APPLICABLE DOCUMENTS

The following documents should be consulted for further background on this
process.

United Technologies Research Center Report, R80-924394-8, Final Technical
Report - Fabrication of Thin Wall Cylindrical Shells by Sputtering - September 4,
1980.

Thin Film Processes - J. L. Vossen and W. Kern, Academic Press, 1978.

3.0 REQUIREMENTS

3.1 Equipment

The equipment required to perform this process is as follows:

§ AII-1
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(1) A vacuum chamber, preferably of stainless steel construction, and an
assgciated pumping system which is capable of evacuating the chamber to at least
107" torr.

(2) Two (2) diode sputtering cathodes and associated impedance matching net-
works capable of sustaining a minimum power density to the cathode of 50 w/in.z.

(3) Two (2) permanent magnets or two (2) electromagnets capable of producing
a quadrupole shaped magnetic field in the vicinity of the targets of maximum local
strength of 300 Gauss.

(4) An insulated, rotatable, vacuum feedthrough for 1/2 in. diameter shaft
capable of sustaining rotations up to 10 revolutions per minute and being able to
hold off at least 500 VDC from electrical ground all the while maintaining a vacuum
of at least 107° torr.

(5) Threaded 1/2 in. diameter hollow 300 series stainless steel shafts for
supporting the mandrel substrates fitted with heaters capable of raising the tem-
perature to 650°C and temperature readout.

(6) Two (2) rf sputtering power supplies capable of delivering at least
50 W/in.2 of power to the targets.

(7) Pressure gages -- one (1) ionization type to measure system high vacuum
and one (1) capacitance monometer type to measure sputtering gas pressure.

(8) Negative dc bias power supplies capable of delivering up to 20 W of
power to each mandrel being coated at up to -200 VDC.

(9) One (1) micrometer type valve to regulate sputtering gas flow into
the sputtering system.

3.2 Materials
The materials required to perform this process are as follows:

(1) Supply of 99.9997% pure Argon sputtering gas

(2) Ni-Span-C Alloy 902 planar sputtering targets

(3) Silicon dioxide sputtering targets

(4) 300 series stainless steel mandrels internally threaded to fit over
threaded 1/2 in. diameter hollow shafts.

AII-2
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3.3 Required Procedures and Operations

This paragraph provides the detailed procedures that must be followed to
assure that acceptable quality thin wall shells of Ni-Span-C suitable for use as
elements in vibrating cylinder pressure transducers are produced by this method.

The targets, the rotating mandrel holder(s), and the magnets are arranged in
the sputtering chamber as shown in Fig. II-1. The target-to-mandrel distance is
2.5 in. The third in-line target is added only if it is desired to grow a closed
end on the cylindrical shell. In forming simple right circular open-ended shells
for pressure transducers, the third target is not required.

Mandrels are prepared for coating by applying a parting layer to them which
is compatible with the sputtering process. This parting layer is required so that
the sputtered shell can be made to release from the mandrel. A sputtered layer
of silicon dioxide approximately 0.5 microns thick on the mandrels provides an
excellent parting layer.

Prepared mandrels are threaded onto the rotatable shafts, the sputtering system
is closed and evacuated to at least 107 torr. The mandrel heaters are brought
up to 650°C. When the mandrels have reached 650°C, the background gas pressure is
brought up to 102 torr using 99.999% Argon. The mandrels are set rotating and
deposition of Ni-Span-C is begun on the mandrels. If the magnetic field is derived
from electromagnets, the magnetic field strength is brought up to 300 Gauss before
the deposistion is begun. Deposition is carried out with a power density input
to the targets of at least 50 W/in.z. After the deposition has proceeded for
15 minutes, a dc bias of -150 V is applied to the mandrels through the rotating
shaft. Deposition is then allowed to continue until the proper thickness of
material is deposited on the mandrels. With a target-to-mandrel separation of 2.5
in., deposition rate under these conditions will be approximately 5 um/hr.

After the desired thickness of material has been deposited, the sputtering sys-
tem is shut down but the system is left under vacuum until the mandrels have
cooled to below 100°C. The system is then vented with dry nitrogen gas and the
mandrels are allowed to cool to 50°C before removing.

The shells are removed from the mandrels using mechanical methods. First the
ends of the mandrel are lightly ground on 400 grit wet emery paper to assure that
the shell is not held to the mandrel by the shell extending around the ends of the
mandrel. Next, the coated mandrel is lightly cold worked either by burnishing it
while having it rotate in a lathe for example, or by lightly glass bead peaning it.
A small amount of cold working is sufficient to loosen the shell from the mandrel
where it can be easily slid off.
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‘ 4.0 QUALITY ASSURANCE PROVISIONS

The examination and tests to be performed on the deposition equipment must be
done by the operator. Before every run the fixturing and shields in the vicinity
of the targets and substrates must be cleaned to remove any accumulation of
sputtered material from previous deposition runs. Targets must be examined to be
sure that the material supply is sufficient for the next planned run. This infor-
mation can be deduced by measuring and recording the target thickness before every
run. In this way target life can be predicted on the basis of run time and deposi~-
tion parameters. The same kind of inspection and record keeping must be done to
assure an adequate sputtering gas supply.

Mandrels to be coated must be free of surface contaminants, especially par-
ticulate matter to avoid pin holes in the shell. Before mounting, mandrels are
degreased in an inorganic solvent, then washed with detergent in distilled water.
Multiple rinses in distilled water followed by drying in a dry nitrogen stream
completes the mandrel cleaning process.

A silicon dioxide parting layer approximately 0.5 um thick is applied to the
mandrels by sputtering in essentially the same way that the shell is deposited onto
the mandrel. The mandrel is cleaned by degreasing and washing as is done for shell

. deposition, then it is mounted on a rotating mandrel holder. However, the mandrel
need not be heated intentionally, but it can simply be left to rise in temperature due
to the sputtering process. The targets must, of course, be silicon dioxide in
place of Ni-Span~C. No electrical bias is applied to the mandrels during siligon

; dioxide coating and power density to the targets should be reduced to 25 W/in.".

gl

3

'a‘ - In order to assure that the vacuum system is performing consistently well, a
7 ! record of the pumping time required to reach a pressure of 10'6 torr must be kept.
38 A vacuum of at least this pressure is required before deposition can begin. Any

improvement in achieving lower prc¢ isures is to be desired and will result in an
2 improved product.

During operation, the sputtering parameters must be kept under close control
- in order to produce a shell whose mechanical and physical properties are acceptable.
o Gas pressure, rf power input, dc bias voltage, and mandrel temperature require
= close control to assure good quality shell fabrication. Because the deposition
. runs are of such long duration, automatic controllers are much to be desired. Reg-
ulation of these deposition parameters must be kept to at least 1 percent.
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6.0 NOTES

The intended use of the process described above is for the fabrication of thin
wall cylindrical shells as an alternative method to conventional machining. The
sputtering method allows a wide variety of materials to be used as the shell
material. Some materials such as ceramics for example, could not be machined in
the conventional way to form thin wall shells. Specifically, this method was de-
vised to use Ni-Span-C alloy 902 as the source material. This complex alloy is
stable, magnetic, and has the special property that its thermoelastic coefficient
can be adjusted by heat treating. This alloy has been used for a variety of control
applications and in particular, it is the alloy used by Hamilton Standard Division
of United Technologies Corporation for the fabrication of a vibrating cylinder pres-
sure transducer. As an illustration of the application of this process, a thin
wall vibrating cylinder pressure transducer has been fabricated and operated using
a sputtered thin wall cylinder formed using the guide lines of this specification.
To be used as the element in the vibrating cylinder pressure transducer, the
sputtered thin wall shell had to be fitted with a relatively heavy wall end cap and
an equally heavy wall base for mounting. These two heavy wall pieces were machined
using conventional techniques from bulk Ni-Span-C. The final configuration was
formed by electron beam welding the heavy wall end pieces to the sputtered shell.
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